Bilayers of the oxide 3d ferromagnet La0.7Sr0.3MnO3 (LSMO) and the 5d paramagnet SrIrO3 (SIO) with large spin-orbit coupling (SOC) have been investigated regarding the impact of interfacial SOC on magnetic order. For the growth sequence of LSMO on SIO, ferromagnetism is strongly altered and large out-of-plane-canted anisotropy associated with lacking magnetic saturation up to 4 T has been observed. Thin bilayer films have been grown coherently in both growth sequences on SrTiO3(001) by pulsed laser deposition and structurally characterized by scanning transmission electron microscopy (STEM) and x-ray diffraction (XRD).
I. Introduction
Heterostructures of 3d transition metal oxides (TMOs) with strong electron correlation and Irbased 5d TMOs, which have a strong spin-orbit coupling (SOC), are increasingly gaining scientific interest [1] . Designing artificial heterostructures of iridates with other well-studied transition metal oxides in order to explore the interfacial coupling between 5d and 3d electrons in oxides is important, both fundamentally and for future applications, since emergent magnetic states are expected. Broken inversion symmetry due to the interface and large SOC result in the occurrence of the Dzyaloshinskii-Moriya (DM) interaction at the interfaces, a powerful effect widely utilized in metallic multilayers and heterostructures to control the magnetic order at interfaces [2, 3] . Joint exchange and DM interactions can induce noncolliner arrangements of spins such as magnetic skyrmions and chiral domain walls associated with topological phenomena [4, 5] . Oxides with noncollinear magnetic order and good electrical conduction are quite rare. Interfaces offer an alternative access to materials with such electronic / magnetic states [6, 7, 8] . Magnetocrystalline anisotropy (MA) is the other fundamental parameter governing the magnetic order and switching fields and is, thus, important for spintronic applications. In oxides, MA at interfaces depends sensitively on lattice structure [9, 10] .
Recently, several attempts have been made to modify the electronic structure and magnetism of manganites and ruthenates via coupling with SrIrO 3 . A topological Hall effect and possible realization of magnetic skyrmions was observed in heterostructures of ferromagnetic SrRuO 3 and paramagnetic SrIrO 3 and attributed to strong DM interaction at the interface [11, 12] . In heterostructures with ultrathin layers of ferromagnetic La0.7Sr0.3MnO3 and paramagnetic SrIrO 3 , the magnetic anisotropy was found to undergo a systematic change with the thickness of SrIrO 3 [13] . X-ray magnetic circular dichroism (XMCD) measurements revealed the occurrence of a weak interfacial ferromagnetic moment on Ir, which was suggested to be related to the magnetic anisotropy change [13] . Nichols et al. found a ferromagnetic ground state in superlattices of (antiferromagnetic) SrMnO 3 and SrIrO 3 , with out-of-plane canting of the magnetic easy axis, and large charge transfer across the interfaces [14] . Recently, a large topological Hall effect has been reported in bilayers of La0.7Sr0.3MnO3 grown on SrIrO 3 (2 unit cells) [15] . Mohanta et al. theoretically derive a magnetic phase diagram for SrIrO 3 / La0.7Sr0.3MnO3 superlattices which contains spin-spiral and skyrmion phases [16] . Hence, there is increasing insight into the effects of large SOC induced by SrIrO 3 on magnetic order of adjacent oxide ferromagnets. It confirms the promise of controllable non-collinear interface spin textures.
We investigate the interfacial coupling between 3d-La0.7Sr0.3MnO3 and 5d-SrIrO 3 in bilayer samples with both growth sequences, since earlier work on other oxide interfaces showed clearly different behaviour for the two stacking sequences [6, 17] . The manganite layers of our samples are more than 10 unit cells thick in order to study the interface magnetism of a rather thick layer. Magnetization and field-dependent Mn L2,3 edge x-ray magnetic circular dichroism (XMCD) have been measured to characterize the magnetic order. In the bilayers, the soft ferromagnetism of La0.7Sr0.3MnO3 changes towards more hard-magnetic behavior with a canted perpendicular magnetic moment and reduced saturated magnetization. These changes are much stronger in La0.7Sr0.3MnO3 grown on top of SrIrO 3 than for the other growth sequence.
Based on the observation of similar interface composition by STEM and the structural coherence of the bilayers with the substrate, we conclude on the interfacial lattice structure as origin of the difference between the bilayer types. SrIrO 3 is known for its large rotations / tilts of oxygen octahedrons in the orthorhombic structure which may be transferred to the top layer at the interface. Our results demonstrate the importance of the growth sequence for the magnetism of the La0.7Sr0.3MnO3 -SrIrO 3 interface with large spin orbit coupling.
II. Experiment
Bilayer samples consisting of La0.7Sr0.3MnO3 (LSMO) and SrIrO3 (SIO) layers were grown on TiO2-terminated SrTiO3 (100) substrates (STO) by Pulsed Laser Deposition (PLD) using an excimer laser operating at 248 nm. The growth was monitored in-situ by high-pressure
Reflection High Energy Electron Diffraction (RHEED) which enables a precise unit cell (uc) control of the layer-by-layer growth. SIO grew in step-flow mode and required a calibration of the growth rate. LSMO layer was grown at 700° C, while a temperature of 650 ° C was used for the growth of SIO layer in an oxygen partial pressure of 0.2 mbar. The laser fluence and repetition rate were 0.8 J/cm 2 and 2 Hz, respectively. After growth, samples were annealed for the field-dependent magnetization data by removing a field-linear diamagnetic term fitted to the high-field data. This procedure also eliminates a part of the paramagnetic SIO magnetization. The XMCD experiments were performed at the BL29 BOREAS beamline at the ALBA synchrotron radiation facility. The x-ray absorption was measured using circular polarized light with the photon spin parallel (σ + ) or antiparallel (σ − ) with respect to the magnetic field. The spectra were collected with the beam in tilted incidence (20° to the film surface) and in normal incidence. The x-ray beam and the magnetic field were always parallel [18] . The degree of circular polarization delivered by the Apple II-type elliptical undulator was close to 100% for the Mn L-edges. The spectra were recorded using the total electron yield method (by measuring the sample drain current) in a chamber with a vacuum base pressure of 2 × 10 −10 mbar. The XMCD data were measured at T = 40 K after cooling the samples in a magnetic field of 4 Tesla. The Mn -XMCD hysteresis loops were obtained by measuring, as a function of applied field, the Mn -L3 edge XMCD signal at the energy of the absorption maximum.
III. Results and discussion

A. Structure characterization
A1. X-ray diffraction (XRD)
Structural characterization by XRD indicates the high crystallinity and epitaxy. Reciprocal 
A2. Atomic structure at interfaces (STEM)
Atomic scale characterization was performed by STEM using HAADF-Z contrast.
Representative HAADF-STEM images of the samples S1: SIO(8uc)/LSMO(12uc)/STO(100) and S2: LSMO(12uc)/SIO(8uc)/STO(100) are shown in Fig. 1 In the case of sample S1 ( Fig.1 B top weak [19] . SIO is a correlated paramagnetic semimetal; SIO thin films do not show long-range magnetic order down to low temperatures [20, 21] . Previous reports demonstrate a small magnetic moment of 0.05 B/Ir at the interface coupled antiparallel to the Mn moment [13, 14] . Therefore, we expect SIO to contribute very little to the measured total magnetization. In field-dependent measurements, magnetization is attributed to LSMO only. Fig. 2a,b shows the magnetization loops M(H) for the bilayer samples (S1 and S2) measured along in-plane [100] and out-of-plane [001] directions at 10 K. In Fig.2c we plot for comparison the in-plane magnetization data of a single LSMO reference film together with the in-plane magnetization loops of the S1 and S2 bilayer samples. The LSMO reference film has soft magnetic properties with small coercive field of about 5 mT at 10 K and a saturation magnetization of 463 emu/cm 3 , similar to other literature reports [19] . The in-plane magnetization of the S1 bilayer is slightly reduced compared to that of the LSMO reference film (see Fig. 2c ). Sample S1 has a saturation magnetization of 410 emu/cm 3 in a field of 1 T.
On the other hand, a drastic reduction of the in-plane magnetization is observed for the S2 bilayer which has a saturation magnetization of 216 emu/cm 3 in a magnetic field of 1 T. We note that the saturation in large fields is artificially achieved for sample S2 through the correction procedure for the substrate contribution, see the Experiment section. More insights are obtained from the out-of-plane magnetization loops. Contrary to the in-plane easy axis of a strained LSMO single layer, large out-of-plane remanence is observed for both bilayers ( Fig.   2a ,b, black curves). For the S1 bilayer, hysteretic behavior with a remanent out-of-plane magnetization of 30% of the value of 304 emu/cm 3 The temperature dependence of the magnetization displayed in Fig. 3 goes along with these observations. The increase of measured magnetization towards low temperatures results, in part, from the paramagnetic contribution of the SIO layer. This SIO contribution cannot be separated, because LSMO is not fully ferromagnetically ordered in the bilayers and, thus, changes its magnetization at low temperatures. In a moderate measuring field of 0.01 T, S1
shows a Curie temperature (TC) of 290 K which is slightly smaller than that of a strained 
B2. X-ray magnetic circular dichroism (XMCD)
To gain more insights into the altered magnetic order of LSMO magnetically coupled to SIO, XMCD measurements were performed at the Mn L2,3 edges on the same samples S1 and S2.
The XMCD technique has the advantage of tracking the element-specific magnetization of Mn ions as a function of magnetic field without perturbing contributions from the substrate or the SIO layer. Regarding the probed thickness of the bilayers, results from sample S1 with LSMO bottom layer are similar to the behavior of single LSMO; this gives evidence for a sufficient probing depth for the characterization of the bilayer volume. The Mn-XMCD hysteresis curves measured at 40 K are shown in Fig. 4 with increasing and decreasing magnetic field, respectively. For comparison, Fig. 5 presents magnetization loops of the samples recorded at 40 K. Before each XMCD measurement, the sample was cooled in a field of 4 Tesla. The data confirm and reveal more clearly the differences between the two bilayer sample types. In particular, the high-field part up to 4 T provides meaningful information about the saturation which is impossible to evaluate based on SQUID magnetization data. On the other hand, we note that low-field XMCD data (< 0.1 T) are subject to random errors visible in the scattering in Fig.4 ; hence, coercive fields at 40 K cannot be precisely determined.
For the S1 bilayer, the in-plane XMCD signal exhibits saturated magnetization below 0.5 T (Fig. 4a) . The out-of-plane XMCD signal (Fig. 4b) essentially reflects a rotation of Mn moments by the field which is finished near 1.5 T. The remanence in Fig. 4b appears to be very small, which appears in conflict with M(H) data in Fig. 5 . However, the coercivity is such low ( Fig. 5a , red curve) that XMCD data scattering obscures information about the true remanence.
In comparison to LSMO single film XMCD data [22] , our S1 data are similar with somewhat larger saturation fields. The coupling to a SIO top layer has moderate impact with regard to increasing the strength of magnetic anisotropy and tilting the easy axis out of the film plane, averaged over a 12 uc thick LSMO film. (Note that the interface is probed with larger sensitivity than the bulk of the LSMO layer, since it is at the top.)
XMCD results of bilayer S2 (Fig.4c,d) 
C. Discussion
Our results reveal strong changes of the magnetic order and anisotropy of thin (12 uc) ferromagnetic LSMO coherently grown on SIO. Structural characterization by x-ray diffraction and STEM shows high film quality, excluding interdiffusion or extended defect formation as source of the altered magnetism. The ordered magnetic moment at low temperatures (10 K, 40 K) is only about half of the LSMO moment for collinear magnetic order (3.7 B / Mn, 470 emu /cm -3 ). This can be interpreted as very large canted-out-of-plane magnetic anisotropy induced at the interface with SIO. In the light of recent insights on SIO/LSMO interfaces [15, 16] , the formation of non-collinear spin structures with large stability in an applied magnetic field is likely to occur. The large out-of-plane canting of magnetic moments is consistent with that. In some distance from the interface, a return to the coherently strained bulk behavior is expected for LSMO, implying a return to collinear ferromagnetic order. This distance is presently unknown, it is possible that the layer thickness of 12 uc is smaller.
For the growth sequence of a SIO top layer on LSMO, all changes of LSMO magnetism are much weaker. True magnetic saturation is reached in 1.5 T (out-of-plane) and 0.5 T (in-plane),
indicating collinear magnetic order induced by the applied field. There is a clear difference to the other growth sequence. We conclude that also for this oxide interface, interfacial magnetism depends heavily on the stacking sequence as was reported earlier for LSMO/SrRuO3 [6] and LaMnO3/LaNiO3 [17] . This means that superlattices are likely to contain two different interface types. Further, it has consequences for using the SIO interfacing in electronic devices, where large effects like the recently observed large spin-orbit torque, for Permalloy on SIO [23] , can be expected for the LSMO layer on top of SIO.
The major result of the present work is experimental finding of the impact of growth sequence.
Regarding the origin of this observation, we suggest a physical mechanism which is hypothetical. Due to the large SOC of SIO, the DM interaction influences the magnetic order and anisotropy of LSMO at the interface with SIO. It tends to induce a noncollinear arrangement of spins and, hence, reduces the magnetization and enlarges the magnetic field required for collinear ordering in the field direction. Therefore, a strong DM interaction can cause the observed magnetization characteristics.
The different interface magnetism in dependence on growth sequence must rely on a structural or chemical difference of the interfaces. X-ray and STEM analyses gave no indication of inplane strain relaxation or differences in chemical composition for the interface types. The latter does not include oxygen; further, the interdiffused two atomic planes could not be analyzed quantitatively. Hence, in-depth structural characterization of SIO-LSMO interfaces is yet to be done. However, there is another structural parameter which is expected to strongly affect DM interaction. At coherent oxide interfaces, rotations and tilts of oxygen octahedrons (OOR) need to elastically adapt. OOR alter the strength of the DM interaction, because the DM interaction depends heavily on the M-O-M bond angle (with metal ion M = Ir or Mn) [24, 25] .
SIO has large OOR in its orthorhombic phase [23, 26] , whereas LSMO has much weaker OOR.
For a considerable number of oxide interfaces, the transfer of OOR from the underlayer to the next layer in an interfacial region has been demonstrated [10, 27, 28, 29] . Therefore, we hypothetically suggest that OOR in LSMO at the interface with SIO depend on growth sequence, leading to different strength of the interfacial DM interaction.
IV. Conclusions
To summarize, bilayer samples consisting of La0.7Sr0.3MnO3 and SrIrO3 layers were grown fully strained on TiO2-terminated SrTiO3 (100) substrates by pulsed laser deposition with both growth sequence. Measurements of magnetization and field-dependent Mn L2,3 edge x-ray magnetic circular dichroism reveal strong changes of La0.7Sr0.3MnO3 magnetic order. The soft ferromagnetism of La0.7Sr0.3MnO3 changes towards more hard-magnetic behavior with a canted perpendicular magnetic moment and reduced saturated magnetization. These changes are much stronger in La0.7Sr0.3MnO3 grown on top of SrIrO 3 than for the other growth sequence.
Based on the observation of similar interface composition by STEM and the structural coherence of the bilayers with the substrate, we conclude that the interfacial lattice structure is at the origin of the difference between the two bilayer types. In addition, due to the large SOC of SrIrO3, the DM interaction may as well influence the magnetic order and anisotropy of LSMO at the interface with SrIrO3. Our results demonstrate the importance of the growth sequence for the magnetism of the La0.7Sr0.3MnO3 -SrIrO 3 interface with large spin orbit coupling. Fig. 3 Temperature dependence of the magnetization of the two bilayer samples S1 and S2 measured during warming in 0.01 T. 
